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Sum probability analysis of 1275 radiometric ages from 608 archaeological sites across northern and 
central Australia demonstrates a changing archaeological signature that can be closely correlated with 
climate variability over the last 2 ka. Results reveal a marked increase in archaeological records 
across northern and central Australia over the last 2 ka, with notable declines in western and northern 
Australia between ca. AD 700 and 1000 and post-AD 1500 – two periods broadly coeval with the 
Medieval Climatic Anomaly and the Little Ice Age as they have been documented in the Asia–Pacific 
region. Latitudinal and longitudinal analysis of the dataset suggests the increase in archaeological 
footprint was continent wide, while the declines were greatest from 9 to 20° S, 110 to 135 E and 143 
to 150° E. The change in the archaeological data suggests that, combined with an increase in 
population over the late Holocene, a disruption or reorganisation of pre-European resource systems 
occurred across Australia between ca. AD 700 and 1000 and post-AD 1500. These archaeological 
responses can be broadly correlated with transitions of the El Niño–Southern Oscillation (ENSO) 
mean state on a multi-decadal to centennial timescale. The latter involve a shift towards the La Niña-
like mean state with wetter conditions in the Australian region between AD 700 and 1150. A 
transition period in ENSO mean state occurred across Australia during AD 1150–1300, with 
persistent El Niño-like and drier conditions to ca. AD 1500, and increasing ENSO variability post-AD 
1500 to the present. 
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Aboriginal hunter-gatherer populations in central and northern Australia were strongly impacted by 
climatic variability affecting the strength of summer monsoon rainfall. Archaeological and 
ethnographic data suggest that hunter-gatherers developed systems of mobility (Meggitt, 1962; Gould, 
1969; Tonkinson, 1978; Myers, 1991) and technology (Hiscock, 1994; Attenbrow et al., 2009) to 
stabilise fluctuations in resource availability. Studies of hunter-gatherer demography also indicate that 
prehistoric hunter-gatherer societies were marked by significant periods of population collapse and 
recovery during periods of environmental instability (Davidson, 1990; Pennington, 2001; Smith et al., 
2008). 
Such human responses are evident in the late Holocene – a period of increased El Niño–Southern 
Oscillation (ENSO) activity (Turney and Hobbs, 2006; Williams et al., 2008a). Following an initial 
period of wetter conditions, ENSO intensified in strength and frequency, leading to drier and more 
variable conditions across Australia between 3.7 and 2 ka (Shulmeister, 1999; Gagan et al., 2004; 
Donders et al., 2007). During this period, the use of hafting technology, the appearance/proliferation 
of microlithic tools (e.g. tula adzes and backed blades) and the standardisation of stone tools all occur 
for the first time (Hiscock and Veth, 1991; Hiscock, 1994; Thorley, 1998; Veth, 2005; Attenbrow et 
al., 2009). Radiocarbon data further suggest that populations in arid Australia may have contracted in 
response to increased aridity at around 3 ka (Smith et al., 2008; Williams et al., 2008a). 
Several studies suggest that hunter-gatherer populations increased significantly after 2 ka (e.g. 
Williams, 1988; Veth, 1993; Lourandos and Ross, 1994; Lourandos and David, 1998; Cosgrove et al., 
2007; Smith and Ross, 2008; Ulm, 2010) – with Smith and Ross (2008) showing that the critical 
transition in arid central Australia dates around 0.9–1 ka The contrary view is that these changes 
represent changes in settlement pattern and use of archaeological sites, rather than population, or 
alternatively the taphonomic loss of older archaeological sites (e.g. Ross, 1986; Rowland, 1989; 
Attenbrow, 2004; Hiscock, 2008; Holdaway et al., 2008; Surovell and Brantingham, 2007; Surovell et 
al., 2009). Whatever the case, the last 2 ka encompass a series of adaptive responses to climatic 
variability, including an increase in use of marginal and outlying sites, the extended use of existing 
sites, increased territoriality expressed through greater differentiation of rock art, and more intensive 
use of lower calorific food resources, such as plant food processing (Smith, 1986; Cosgrove et al., 
2007; Smith and Ross, 2008; cf. Edwards and O’Connell, 1995; Holdaway et al., 2008). 
Here, we explore hunter-gatherer response to climatic variability over the last 2 ka, with particular 
reference to the changing state of ENSO. We use an analysis of sum probability distributions of 1275 
radiocarbon ages from 608 archaeological sites (Figure 1) to explore the relationship between 
archaeological records and palaeoclimatic records across central and northern Australia. Our data 



























Methods, data and limitations 
Sum probability distributions have been widely adopted in both archaeology and palaeoclimatology to 
generate continuous time series records (e.g. Rick, 1987; Gamble et al., 2005; Johnstone et al., 2006; 
Turney and Hobbs, 2006; Turney et al., 2006; Fiedel and Kuzmin, 2007). The approach compiles 
large datasets of radiometric data into a single time series curve and permits the investigation of large-
scale temporal and spatial changes within a region. It further allows formal statistical comparisons and 
correlations with other proxies to be explored (Smith et al., 2008). 
The relationships between climatic events and human responses is well documented. Although 
humans do not mechanistically respond to environmental change, the availability of essential 
resources (food and water) significantly constrains human choices (e.g. Stine, 1994; Barlow et al., 
1997; Nunn, 2003; Diamond, 2005; Tainter and Crumley, 2007). 
Radiometric data for the last 2 ka are assembled for the northern two-thirds of Australia (9–35° S) and 
analysed by latitude (5° increments) and longitude (divided between 110–135° E and 135–155° E) 
(Ulm and Reid, 2000; Williams et al., 2008b; see supporting information). A total of 1275 radiometric 
ages, a subset of a larger database of over 2600 dates encompassing all published radiometric ages for 
central and northern Australia for the last 40 ka, were used for this analysis. Following established 
protocols, several erroneous or anomalous dates were discounted from the analysis (see supporting 
information). 
Radiocarbon data were calibrated with OxCal 4.1 (Bronk Ramsey, 2001). Terrestrial ages were 
calibrated with SHCal04 (McCormac et al., 2004). Marine ages were calibrated using Marine04 
(Hughen et al., 2004) with relevant R correction (Ulm, 2002, 2006a; Ulm et al., 2009). Following 
calibration of the dataset, OxCal was used to sum the probabilities to produce time series graphs 
(Figures 2-3) and outputs for subsequent analysis. 
Sum probability approaches and their interpretation have a number of limitations, which Smith et al. 
(2008) have discussed at length. Three further issues specific to this paper should be considered: (1) 
the lack of dating near the top of archaeological sequences, which are not routinely radiocarbon dated; 
(2) taphonomic bias in the archaeological records; and (3) the effect of radiocarbon plateaus. 
Due to the frequent presence of European materials (indicating a date of <200 ka) in the upper units of 
Australian archaeological sites, they are not routinely subject to radiometric analysis (e.g. Smith, 
2006). For this reason, the dataset systematically lacks data in the last 200 years and changes in the 
sum probability during this period should be treated with caution. 
Differential archaeological survivability and preservation may provide impact on changes in sum 
probability distributions, but it is considered unlikely that loss of archaeological data/sites would be 
consistent across the majority of latitudes and longitudes during this period. Other Australian studies 
suggest that the loss of archaeological data is generally localised (e.g. sea-level change submerging 
coastal sites, greater likelihood of sites being destroyed in storm and cyclone belts), rather than 
widespread (Bird, 1992; Hall, 1999). Taphonomic loss of sites, however, is a plausible explanation for 
the changes in numbers of archaeological sites within the last 5 ka (Head, 1983; Rowland, 1989; 
Holdaway et al., 2008) and remains a limitation of the study. Based on taphonomic equations 
presented in Surovell et al. (2009), only 40% of archaeological sites may remain after 2 ka, and only 
19% after 5 ka. It is further acknowledged that the greatest changes in the radiocarbon dataset are in 
areas where there is potential for significant flood erosion to occur, between AD 700–1000 and post-




Figure 2. Sum probability distributions of 1275 radiocarbon dates (terrestrial, dashed line; 
marine, dot and dashed line; terrestrial and marine combined, solid line) from 608 
archaeological sites across northern and central Australia, by latitudinal band. Note the lower 




Figure 3. Sum probability distributions of 1275 radiocarbon dates divided between 110–135° E 
and 135–155° E dates (terrestrial, dashed line; marine, dot and dashed line; terrestrial and 















A radiocarbon plateau centred on AD 1400 may lead to clustered artificial peaks and troughs in this 
part of the sum probability curves (McCormac et al., 2004). Accordingly, we place most reliance on 
general trends in these datasets, rather than specific peaks/troughs. However, there are fewer than 100 
dates within this part of the archaeological dataset (between 400 and 600 a BP) which we do not judge 
to have a significant effect on the robustness of the radiocarbon plots. 
 
Results 
Results show a general increase in the archaeological signature within all regions from ca. AD 450 
and peaking between AD 1250 and 1500, with two discrete declines between ca. AD 700 and 1000 
and post-AD 1500: 
(a) Latitudinal gradients demonstrate that the decline between AD 700 and 1000 is most 
marked in the lower latitudes (9–20° S), encompassing the northern Australian coast, the 
Kimberley, Gulf of Carpentaria and Cape York Peninsula, but is not detectable in higher 
latitudes, including the Pilbara, Murchison, Great Sandy and Tanami Deserts, Flinders Ranges 
and Murray-Darling Basin. All latitudes experience a stepwise decline between AD 1500 and 
1700 (Figure 2). 
(b) The longitudinal data correlate well with the overall results (Fig. 3). When dividing the data 
between 110–135° E and 135–155° E (western and eastern Australia, respectively) there are 
clear differences in archaeological signature, most notably between AD 1000 and 1500, 110–
135° E – the western part of the continent – showing only a weak increase in archaeological 
signature when compared with the eastern half. In addition, data from 110–135° E show a sharp 
decline between AD 700 and 1000, but a weak response after AD 1400 AD. Conversely, the 
135–155° E dataset reveals only a minor change between AD 700 and 1000, but a significant 
decline after AD 1400. Of further note are the two marine datasets, which show different 
responses to terrestrial data. Between 110 and 135° E, the marine dataset shows a general 
absence of the initial decline but clear evidence of a decline after AD 1400, while 135–155° E 
appears to have a stepwise increase from AD 1000, reaching its highest levels only in recent 
years. 
The most significant change in the sum probability distributions occurs in the terrestrial dataset 
between 15–25° S and 110–135° E in the northwestern sector of the continent. 
 
Discussion 
The climate of northern and central Australia is characterised by several drivers, notably the northern 
summer monsoons, cyclones and pseudo-monsoons in the Pilbara, and winter westerlies and frontal 
systems in the south (Sturman and Tapper, 1996; Donders et al., 2007). Changes in ENSO state play a 
significant role in the strength and location of these systems and thereby the amplitude, seasonality 
and variability of rainfall across large parts of Australia. 
The history of ENSO activity in Australia has been extensively reviewed (e.g. Shulmeister, 1999; 
Gagan et al., 2004; Donders et al., 2007). Between ca. 3.7 and ca. 2 ka, ENSO intensified, causing 
significantly drier conditions and increased climatic variability, with subsequent amelioration from 2 
ka to the present. However, more recent research indicates that the last 2 ka experienced significant 
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changes in the tropical mode (ENSO) (Moy et al., 2002; Cobb et al., 2003; Rein et al., 2004) and the 
extratropical mode (Southern Annular Mode, SAM) (Goodwin et al., 2004; Goodwin and Mayewski, 
2007). 
Records from coral isotopes (Stott et al., 2004) and marine sediment cores (Rein et al., 2004) in the 
equatorial Pacific indicate an increase in zonal sea surface temperature gradients between AD 500 and 
1000, causing decreased frequency, variability and strength of the ENSO system, leading to drought 
conditions in South America, Central America (Rein et al., 2004) and California (Stine, 1994) and 
wetter conditions in Australia (Markgraf and Diaz, 2000; Goodwin and Mayewski, 2007; Mann et al., 
2009). Evidence further suggests that this was one of the strongest La Niña-like and positive SAM 
periods since the mid Holocene and saw the intensification of monsoonal flow over the dry eastern 
interior and to the north and east, enhanced trade winds into Central Australia also dramatically 
increasing the availability of water and associated resources during this time (Bourke, 1998; 
Shulmeister, 1999; Rein et al., 2004; Donders et al., 2007; Williams et al., 2008a). 
An intensification of El Niño-like and equator-ward negative SAM conditions occurred in the 
Australian region between AD 1300 and 1500 (Goodwin et al., 2004; Goodwin and Mayewski, 2007), 
which would have caused the movement of the Intertropical Convergence Zone (ITCZ) northwards, 
increased the anticyclonic conditions overlying the region, and thereby reduced the frequency of 
monsoon or rain-bearing low-pressure systems into the Australian interior (Suppiah, 1994; Sturman 
and Tapper, 1996; Kotwicki and Allan, 1998; Donders et al., 2007). 
From about AD 1500 to the present increasing amplitude in the ENSO and Interdecadal Pacific 
Oscillation (IPO) states occurred and would have led to greater variability in the hydrological regime 
across Australia than earlier in the late Holocene (Markgraf and Diaz, 2000; Hendy et al., 2002; 
MacDonald and Case, 2005; Brockwell et al., 2009). 
Our dataset shows a number of correlations between our understanding of the palaeoclimate and the 
archaeological records: 
1. an Australia-wide increase in archaeological signatures coincident with the transition to La 
Niña-like conditions around AD 500–700; 
2. a noticeable decline in archaeological signatures towards baseline levels, during the La Niña-
like and positive SAM period between ca. AD 700 and 1000, evident in the lower latitudes (9–
208 S) and along the western and northwestern regions (110–1358 E), but not significant in 
eastern Australia; 
3. a rapid increase in archaeological signatures, most marked between 135 and 1558 E, during 
the abrupt transition in ENSO state to persistent El Niño-like and negative SAM climate 
between AD 1150 and 1500; 
4. a rapid decline towards baseline levels, and increasing fluctuation in archaeological 
signatures with the increase in ENSO and IPO variability from AD 1500 to the present. 
While specific human responses to changing ENSO states cannot be derived using broad-scale sum 




Regional archaeological studies indicate that hunter-gatherer populations began to expand in many 
areas between 2.5 and 2 ka. Alternatively, some studies suggest this period saw a restructuring of land 
use with the greater use of more archaeological sites for shorter periods. Although the catalyst for 
these archaeological changes has yet to be determined, the initiation and changes in ENSO mean state 
are spatially and temporally correlated with the archaeological changes and causally linked through 
their impact on subsistence and settlement systems. 
The reduction in archaeological signatures across the lower latitudes (9–20° S) between AD 700 and 
1000 suggests that a disruption and/or reorganisation of hunter-gatherer settlement occurred in these 
regions. A decline in the archaeological record, generally indicative of population decline or 
abandonment, is hard to explain during a period of greater La Niña conditions (and thereby greater 
resource availability) when ethnographic accounts indicate that hunter-gatherers would have utilised a 
wider range of areas and resources, thereby increasing archaeological signatures. However, limited 
archaeological studies for these time periods do suggest hiatuses in hearth construction (Holdaway et 
al., 2002), shell mound building (Faulkner, 2008) and changing discard of artefactual material 
(McNiven, 1992; Ulm, 2006b), in inner New South Wales, western Arnhem Land and southeast 
Queensland, respectively, between ca. AD 800 and 1300. Given the intensity of La Niña-like 
conditions, increased flooding and storms are likely to have disrupted hunter-gatherer subsistence 
patterns in northern latitudes between AD 700 and 1000. In Arnhem Land, Meehan (1982) 
documented the destruction of several shell beds and the unavailability of freshwater after a period of 
intense La Niña-like conditions leading to shifts in settlement, and similar events may have occurred 
earlier in the Holocene. Increasing sedentism or a shift to logistical mobility strategies in these regions 
may also be a plausible explanation for a decline in archaeological records during periods of greater 
resource availability, but there is currently no ethnographic evidence for such a response. 
In the higher latitudes (20–35° S) there is no evidence of a decline in archaeological signature 
between AD 700 and 1000. This absence of a response suggests that if there was a hunter-gatherer 
response it was subdued in these regions and did not affect the archaeological signature across the 
landscape. The delayed hunter-gatherer response between 135 and 150° E between AD 750–900 and 
AD 1215–1300 can be explained through change in hydrological regimes of the Diamantina Creek, 
Cooper Creek, Lake Eyre and Murray-Darling fluvial systems, and is consistent with an earlier abrupt 
change in climate state in the Indian Ocean sector than in the Pacific Ocean sector, as shown 
distinctively in East and West Antarctic ice cores (I. Goodwin, unpublished results). 
The increasing archaeological signature between AD 1150 and 1500 – a period of transition to drying 
climate conditions – indicates an increase in hunter-gatherer mobility as a response to reduction in 
critical resources, including water, animal and plant foods in northern Australia. Changes in mobility 
are a first-order response by hunter-gatherers to changing environmental conditions and have often 
been cited in archaeological interpretations of resource stress in Australia (Hiscock and Veth, 1991; 
Hiscock, 1994; Black et al., 2008; Williams et al., 2008a). Archaeological studies identify a range of 
other hunter-gatherer responses to resource stress, including increasing use of marginal environments 
(e.g. use of offshore islands), increasing use of lower-ranked foods (e.g. acacia seeds and cycads) and 
the introduction of complex installations to improve productive yields (e.g. coastal and inland river 
fish traps) (Tonkinson, 1978; Smith, 1986; Haberle and David, 2004; Cosgrove et al., 2007; 
Brockwell et al., 2009), all of which would lead to an increase in the archaeological signatures evident 
in Figs 2 and 3 between AD 1150 and 1500. These responses are most evident along the east coast of 
Australia (135–1558 E; Fig. 3), which is unsurprising given the dominance of ENSO systems in these 
parts of Australia. 
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We interpret the turbulent archaeological signatures after AD 1500 as hunter-gatherer responses to 
increasingly variable climatic conditions. This period saw marked climatic shifts that presumably led 
to rapidly changing resource landscapes. This would have required rapid adaptation and response by 
hunter-gatherers, which is reflected in the fluctuating sum probability distributions shown in Figures 2 
and 3, and has also been documented by Black et al. (2008) in southeastern Australia. 
 
Conclusions 
Our results indicate that time series data and regional archaeological records correlate well with 
palaeoclimatic records for central and northern Australia over the last 2 ka. While uncertainties about 
hunter-gatherer responses remain, the correlation in timing between climatic change and radiometric 
determinations associated with human activities is unequivocal. Increasing archaeological signatures 
at AD 500–700 coincide with the onset of and transition to strong La Niña-like conditions across 
Australia. The highest archaeological signature values occur during the transition to El Niño-like 
climate, with increasing ENSO amplitude between AD 1150 and 1500. A lag in archaeological 
signature response between 110–135° E and 135–155° E is also considered to be related to an earlier 
transition from La Niña-like conditions to drier and more variable ENSO in the Indian Ocean sector 
than in the Pacific sector. 
Of note in the archaeological records is the decline in signatures across the lower latitudes between 
AD 700 and 1000 and post-AD 1500. These periods broadly coincide with the Medieval Climatic 
Anomaly and Little Ice Age, which clearly register in palaeoclimatic records for the Pacific region 
(Allan, 1985; Mooney, 1997; Markgraf and Diaz, 2000; Hendy et al., 2002; Mooney and Maltby, 
2006). Currently, the hunter-gatherer responses to these events cannot be adequately explained. 
However, it is evident that a disruption and/or reorganisation of resources did occur, most notably in 
the lower latitudes, at these times. 
The results presented in this paper indicate that the changing state and amplitude of the ENSO 
circulation placed observable environmental stresses on prehistoric populations in Australia. We 
stress that further archaeological and palaeoclimatic data will be needed to characterise human–
environment responses in detail. 
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